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Abstract.
We present a kinetic calculation for the isotopic composition of stratospheric ozone. The calculated enrichments of
49
O 3 and
50
O 3 are in agreement with atmospheric measurements made at mid-latitudes. Integrating the kinetic fractionation processes in the formation and photolysis of ozone, we obtain enrichments of ∼7. 5-10.5 and ∼7.5-12 .5% (referenced to atmospheric O 2 ) for δ
49
O 3 and δ
50
O 3 , respectively, at altitudes between 20 and 35 km; the photolysis in the Hartley band of ozone is responsible for the observed altitude variation. The overall magnitude of the ozone enrichments (∼10%) is large compared with that commonly known in atmospheric chemistry and geochemistry. The heavy oxygen atom in ozone is therefore useful as a tracer of chemical species and pathways that involve ozone or its derived products.
For example, the mass anomalies of oxygen in two greenhouse gases, CO 2 and N 2 O, are likely the consequences of the transfer of heavy oxygen atoms from ozone.
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Introduction
It has been more than 20 years since the discovery of the heavy ozone anomaly [Mauersberger, 1981; Thiemens and Heidenreich, 1983] . The enrichment, δ, is defined by δ(%) = 100 × (
where R smp is the ratio of the abundances of an isotopically substituted species and its normal molecule and R std is the same ratio in a standard sample. In this paper, the species of interest are ozone and atomic and molecular oxygen. Since molecular oxygen is the largest oxygen reservoir in the atmosphere and its isotopic composition is very stable, we choose the oxygen isotopic composition in atmospheric O 2 as our standard, rather than the more commonly employed V-SMOW (Vienna Standard Mean Ocean Water O 3 is therefore primarily OOQ and OQO. In the stratosphere, the chemistry is governed primarily by the Chapman reactions: 
It has been known that eqs. (3) and (4) can result in noticeable ozone isotopic fractionation [Gao and Marcus, 2001; Liang et al., 2004] .
Using a balloon-borne mass spectrometer, Mauersberger [1981] report stratospheric enrichments of 0-40% in
50
O 3 , with a broad maximum between 28 and 38 km and a minimum at 20 km. The error was 15% at 30 km, increasing above and below that altitude. Recently, Mauersberger and colleagues acquire new data with error lowered to ∼5% Krankowsky et al., 2000; Mauersberger et al., 2001; Lämmerzahl et al., 2002] from ten balloon flights with more than 40 samples. The measured magnitude of the enrichments of ozone is ∼10%, a value consistent with that obtained from ground-based and space-based fourier transform infrared spectrometers [Irion et al., 1996; Meier and Notholt, 1996] . Experimentally, Thiemens and Heidenreich [1983] for the heavier isotopologues . Later isotope specific reaction measurements further show that the interaction channels to form asymmetric isotopomers are the major players in explaining the ozone isotopic anomaly [Janssen et al., 1999; Mauersberger et al., 1999; Janssen et al., 2001; Janssen et al., 2003] .
At room temperature, the measured enrichments of
49
50
O 3 in the production of ozone [eq. (3)] are ∼11 and 13%, respectively [Thiemens and Heidenreich, 1983; Heidenreich and Thiemens, 1985; Thiemens and Jackson, 1988; Morton et al.,1990; Anderson et al., 1997; Mauersberger et al., 1999; Janssen et al., 1999; Janssen et al., 2003] . This is by
far the largest fractionation known in atmospheric chemistry and geochemistry, and is in apparent contradiction to typical formation processes in which the heavier molecules are depleted [e.g., Kaye and Strobel, 1983] . Recently, the introduction of the symmetry factor η has successfully explained this phenomenon as observed in the laboratory [Hathorn and Marcus, 1999; Hathorn and Marcus, 2000; Gao and Marcus, 2001; , where η is applied to parameterize the deviation of the statistical density of states for symmetric isotopomers compared with the asymmetric isotopomers. However, no quantitative atmospheric models including these formation processes, nor their impact on the isotopic composition of other species, have been reported. With newly available high resolution measurements of ozone isotopic composition made at mid-latitudes, it is found that the magnitude of the enrichments increases with altitude [Krankowsky et al., 2000; Mauersberger et al., 2001; Lämmerzahl et al., 2002] . Mauersberger and colleagues [e.g., Mauersberger et al., 2001] attempted to explain the altitude variation of the enrichments by temperature variation. The inferred temperature range at altitudes between ∼20 and 35 km is ∼200-260 K, which is much warmer than what is generally expected in the stratosphere for these latitudes and seasons, ∼210-230 K.
In general, the temperature gradient in the stratosphere is about 1 K km
. If the observed enrichment variation of heavy ozone is due entirely to the temperature variation in the stratosphere, the required temperature gradient is ∼5 K km measured in the laboratory . Therefore, a process other than the temperature is needed to account for this variation. It has been shown by Bhattacharya et al. [2002] species calculated by the method described previously [Blake et al., 2003; Liang et al., 2004; Miller et al., 2005] .
This paper is organized as follows. We describe the basics of the model incorporating the ozone enrichments from both formation and photolysis processes in §2. The kinetic study for isotopically substituted ozone in the stratosphere is computed using the Caltech/JPL KINETICS one-dimensional diffusive chemical model. A detailed analysis of the model results and atmospheric measurements is presented in §3.
2. Atmospheric models
One-dimensional model
The one-dimensional Caltech/JPL KINETICS model is used in our study. A detailed description of the model has been given previously [e.g., Allen et al., 1981] . Here we summarize only the most essential features. The atmosphere is assumed to be in hydrostatic equilibrium, and the mass continuity equation is solved:
where n i is the number density of species i, ϕ i the transport flux, P i the chemical pro- interested in a steady state solution, i.e., < ∂n i /∂t > → 0, in a diurnally averaged model.
For the Earth's atmosphere, the homopause is located at 100 km above the surface, while the region of interest is well below it, i.e., altitudes 60 km. Eddy mixing is therefore the dominant term in ϕ i . The profiles of temperature and eddy diffusion coefficient are taken from Allen et al. [1981] and are shown in Figure 1 .
The model atmosphere consists of 66 layers evenly distributed from the surface to 130 km. Since the stratosphere is the region of principal interest, the chemistry is governed mainly by the Chapman reactions. Table 1 lists the reactions and rate coefficients used in this study. The reaction O 3 + X → PROD + X (R83) and its isotopic variants (R84-R87)
simulate the net loss of ozone by NO x , HO x , and ClO x catalysts. 'X' simply denotes that the reaction is catalyzed. The catalytic processes will drive the decomposition of ozone to O 2 . Since O 2 is the largest oxygen reservoir, we do not trace the catalyzed products.
The rate coefficients are assumed to be isotopically invariant, and calculated from the following five reactions:
We obtain the reaction rates from a complete version of oxygen chemistry in the stratosphere [Jiang et al., 2004; Morgan et al., 2004] , multiply by 2, and then divide When we switch off the fractionation in the rate coefficients in Table 1 ).
Ozone formation
We follow Gao and Marcus' approach to calculate the rate coefficients relevant to our study. Since the pressure of interest is less than 50 mbar (altitudes greater than 20 km), the formation rates of ozone are close to their low-pressure limit, that is, the pressure dependence is insignificant. For example, the difference of enrichments for heavier ozone is <0.5% between 10 and 50 mbar [see, e.g., Morton et al., 1990] . It is also because of the low pressure in the region of interest that the coefficient can be well calculated by the free-rotor model [see Gao and Marcus, 2002 for details] , in which the interaction between atomic and molecular oxygen is simplified. Hence, for simplicity, we calculate the rates using a free-rotor approach.
The notation used here is different from that in laboratory [e.g., Janssen et al., 1999] and theoretical calculation of rate coefficients [e.g., . Atmospheric Therefore, this final result after multiplying by an additional factor of 2 is used in R29
(and R28 for OOP production) of Table 1 . The factor of 2 indicates that OOQ can be formed by attaching Q to OO from either side.
The ozone layer is located mainly at altitudes between 20 and 50 km (50-1 mbar), and its mixing ratio peaks at ∼30 km (∼10 mbar). The calculations [e.g., show that the variation of enrichments over this pressure range is only a few per mil fully within the errors of the laboratory and atmospheric measurements. So, we simply assume that the rate coefficients are not pressure-dependent, and we calculate these at 10 mbar where the mixing ratio of ozone peaks. The enrichment is rather sensitive to temperature, however. The variation of the enrichments from 140 to 300 K is about 4-5%
exchange reactions) .
The parameters η and ∆E are taken to be the same as those suggested by Gao and Marcus [2001] , that is, η = 1.13 at 140 K and 1.18 at 300 K and we do linear interpolation in between, and ∆E = 260 cm
. The reaction rate coefficients are calculated and shown in Figure 3 , along with laboratory measurements and theoretical calculations. The exchange rates of O and O 2 are given in the lowermost panels. The dotted lines in the figure represent the reference case in which the fractionation in the rate coefficients is removed.
The calculated enrichments of ozone are plotted in Figure 4 . The laboratory measurements Mauersberger et al., 1999] and the published calculated values are overplotted by filled and open symbols, respectively. We note that the calculation of δQ agrees with experiments better than that for δP. While the errors for δQ are 5%, the errors of δP can be as large as 50%. Further improvement in the theory of temperature-dependent and isotope-specific formation rates of ozone are therefore needed.
Ozone photolysis
The absorption cross sections and photolysis quantum yields of OOP, OPO, OOQ, and
hereafter) is applied to calculate the cross sections for the above species [Blake et al., 2003; Liang et al., 2004; Miller et al., 2005] . In the Earth's atmosphere, the photolysis It has been shown that the ozone photodissociation in the Huggins band can result in fractionation as large as ∼30% [Miller et al., 2005] . However, the process takes place at UV wavelengths longer than 300 nm, where the cross section is small. The photodissociation coefficients in the Huggins band are orders of magnitude less than those in the Hartley and Chappuis bands. The overall contribution from this band is relatively small, and we ignore it in this paper. 
Results
Following eq. (1), the enrichment of heavy ozone in this paper is defined by
δQ (%) = (δOQO + 2δOOQ)/3.
A similar definition holds for OPO and OOP, but with substitution of Q by P. Here, we assume conventional statistical weights for symmetric (OPO and OQO) and asymmetric (OOP and OOQ) molecules.
In this paper, we concentrate on the stratosphere, where the diurnal temperature variation is small. In the troposphere near the surface, the overall δP and δQ are ∼6.5-8
and 8-9%, respectively [Krankowsky et al., 1995; Johnston and Thiemens, 1997] . The measured variation of the enrichments of ozone is as large as ∼0.5%. The overall enrichments can roughly be explained by the formation at ∼300 K . With
temperature variations, the inferred temperature variation is ∼10 K.
Vertical profiles
Figures 7-8 show the calculated enrichments for ozone isotopomers and isotopologues.
We see that the formation-induced enrichments alone can roughly explain the magnitude of the observed values. These figures show that the enrichments due to the formation of symmetric molecules are about a factor two smaller than those of asymmetric molecules, while the opposite is true for photolysis-induced enrichments. Enrichments resulting from photolysis are about an order of magnitude less than those from formation. , consistent with the laboratory measurements . The magnitudes of the enrichments for symmetric molecules are smaller than those for asymmetric molecules, and their abundance is also a factor of two less than that of asymmetric variants. Therefore, the overall enrichments, as well as their temperature variations, are contributed primarily by asymmetric molecules. The dotted lines in the bottom two panels of Figure 7 represent laboratory measured enrichments for P and Q . The values are consistent with those in Figure 4 .
Photolysis -The enrichments of the isotopomers and isotopologues of ozone from photolysis are shown by the dashed lines in Figure 7 . The enrichments peak at ∼35 km, and are significant only at altitudes between 20 and 50 km, where the ozone layer peaks.
The magnitude of the fractionation is sensitive to the wavelength of incident UV photons (cf. Figure 5 ). Therefore, it is expected that the attenuation of UV radiation can result in large vertical variations of the enrichments. At high altitudes, the photolysis is primarily through photons at the maximum of the Hartley band, where the fractionation is small. Lower in the atmosphere, absorption in the long-wavelength wing of the Hartley band becomes important, and fractionation is large in this region. Below the ozone peak, photolysis in the Chappuis band dominates, and there is little fractionation.
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Overall enrichments -The isotopic fractionation from both formation and photolysis are presented in Figure 8 . We see that the combined enrichments better match the observations. Figure 9 shows a three-isotope plot of ozone at altitudes between 20 and 35 km. The slope measured in the laboratory is ∼0.6 (dotted line), but the associated error is significant and the slope varies with temperature [see Figure 3 of Morton et al., 1990] . The slope for a linear least squares fit to the atmospheric measurements is ∼1. The slope in the formation processes in our model is ∼0.8, close to but not quite unity (solid line).
Three-isotope plots
The slope from the photolysis is mass-dependent, or ∼0.5 (inset).
It is shown that the enrichment variations from formation are about 1.5% for δQ and about 1% for δP. The observations show a factor of ∼3 broader. If temperature variation is the key to the observed variation of the enrichments, the required variation is >60 K, an unreasonable value in the stratosphere. However, we show next that the photolysisinduced enrichments can account for these variations. As shown in the inset of Figure 9 , the variations of δP and δQ are ∼1.5 and 3%, respectively.
In the altitude range 22 to 33 km, the observed enrichments for P and Q are, respectively, Since the photolysis lifetime of stratospheric ozone is only about one hour, the transport does little to change the vertical profiles of the enrichments. To lower the calculated values, we could reduce the effect from either formation or photolysis. For the formation channel, we show in Figure 10 that an 8% reduction (∼20 K) of temperature in our reference profile,
∼7-10 and
shown by the dotted line in Figure 1 , reproduces the observations well. From photolysis, we need to increase the ozone column above 40 km by a factor of >5, which can then move the peaks of the photolysis-induced enrichments upward by ∼5 km, thus reducing the enrichments in the regions between 20 and 35 km. However, both are unlikely, because the required modification in the temperature and ozone abundance in the stratosphere is beyond the uncertainties of the current knowledge of the stratosphere. More laboratory measurements on the formation and photolysis rate coefficients for ozone are urgently needed to refine our calculations.
Conclusion
In this paper, we have modeled processes affecting the isotopic composition of heavy ozone in detail. The enrichments resulting from the formation processes are by far the most significant, which are on the order of 10%, in the known chemical and geochemical fractionation mechanism. At altitudes between 20 and 35 km, the enrichments for mechanism has been applied to CO 2 [e.g., Yung et al., 1991; Yung et al., 1997] O. They were able to calculate the observed slope of ∼2 in three-isotope plots of oxygen in CO 2 , though several assumptions must be made to reproduce this slope. In a companion paper [Liang et al., 2005] , we remove the assumptions by Barth and Zahn [1997] and successfully reproduce the slope of ∼1.7 in the observed enrichments of CO 2 .
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